Abstract: In the present work the effect of five tillage methods on the hydraulic properties and water regime of a brown forest soil was studied. In each treatment, measurements of bulk density and soil water retention characteristics were carried out 3 times (March, June and August) within the vegetation period. Near-saturated hydraulic conductivity and soil water content measurements were performed five and eight times, respectively. Statistically valuable differences were obtained between the soil properties, measured in different tillage treatments. The effect of the tillage treatments on the water retention curves was significant in the low suction range (pF < 2.0) only. Differences between the soil water retention curves, measured at the end of the vegetation period reflected the indirect effect of different tillage systems on soil hydraulic properties. The seasonal variability of both the soil hydraulic functions was proofed. Saturated hydraulic conductivity values, evaluated in the ploughing treatment at the beginning and end of the vegetation period differed up to 4-times. The near-saturated hydraulic conductivity values measured in March were nearly two times higher in all the treatments, except no till, than those, measured in August. The applied tillage systems did not influence the potential amount of water available for the plant; still, valuable differences between the soil water contents were measured. According to the soil hydraulic properties and measured soil water regime, ploughing and deep loosening created the most favourable soil conditions for the plants. The biological activity, however, was the highest in the no till treatment. Further studies on the application of the soil conserving tillage systems under Hungarian conditions are recommended.
Introduction
Modelling water and solute transport has become an important tool when solving agricultural and environmental problems. The use of soil water flow simulation models is often limited due to lack of accurate information on soil hydraulic properties (Tóth et al., 2006 ) -the soil water retention (pF-) curve θ(h) and soil water conductivity function K(h), where θ is the volumetric soil water content, h is the soil water pressure head, and K is the unsaturated hydraulic conductivity. These functions are also important for calculation of hydrolimits and soil water balance elements (Hagyó et al., 2005; Štekauerová et al., 2006) . The soil hydraulic functions are determined by soil structural and textural characteristics. The problem of the exact quantification of soil structure has not been solved yet. For this, the structural status of the soil is studied indirectly, using soil physical properties like bulk density, total soil porosity, pore-size distribution, water retention characteristics, soil hydraulic conductivity, penetration resistance etc. Tillage influences most of these properties (Singh et al., 1996 (Singh et al., , 1998 and has, therefore, a major influence on the aeration characteristics and water balance of the soil. The influence of soil tillage on soil structure has a direct (through mechanical disturbance followed by consolidation) and an indirect (through its effect on biological activity) element (Farkas et al., 1999) .
Several investigations have been carried out to study the effect of different (conventional and soilconserving) tillage systems on the soil bulk density, total porosity, penetration resistance and other soil physical characteristics. Very few and sometimes contradictory results, however, have been published on the effect of different tillage systems on soil hydraulic functions.
The objective of the present work was to study the effect of five tillage systems on soil hydraulic properties and water regime of a brown forest soil in Hungary and to evaluate the seasonal variability of these properties.
Material and methods
The Gödöllő experimental station is located at the Szent István University, Gödöllő, 30 km northeast from Budapest. A long-term field experiment with five tillage treatments c 2006 Institute of Botany, Slovak Academy of Sciences Seasonal changes of hydraulic properties of a Chromic Luvisol .4 cA * a,b,c Values following the same letter for the same time but different treatments are not significantly different at a probability level P < 0.05 * * A,B,C Values following the same letter for the same treatments but different time are not significantly different at a probability level P < 0.05 * * * Treatments: no tillage (NT), ploughing (P), loosening + ploughing (L+P), disking (D) and loosening + disking (L+D) was established in the fall of 1994 (BIRKÁS et al., 1997) . The soil is a brown forest soil (Chromic Luvisol) formed on sandy loam, which is typical in this region. Tillage treatments include conventional ploughing (P, 22-25 From each tillage treatment, undisturbed soil cores of 100-cm 3 volume were collected three times (March, June and August) during the vegetation period of 1997. Samples were taken from the 5 to 10-, 15 to 20-, and 40 to 45-cm layers in 3 replicates, representing the cultivated layer, the pan and the non-tilled layers, respectively. The crop was maize when sampled.
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The soil water retention characteristics were determined on undisturbed soil samples. Samples were wetted from below and further drained to water suctions, h, of 1, 2.5, 10, 32, 100, and 200 hPa using the hanging water column method and to 500, 2500 and 15850 hPa by the osmotic method (VÁRALLYAY, 1973) . Bulk density was calculated from dry soil weights (105 • C, 48h) and the volume of undisturbed samples.
Tension infiltrometer was used to measure steady state infiltration rates at three heads, h (−4.2, −7.5, and −13.2 cm H2O, applied in that order), resulting in estimates of hydraulic conductivity function, K(h). The calculation of the K(h) function was based on Wooding's expression (WOODING, 1968 ). Gardner's exponential function (GARD-NER, 1958) was fit to the measured data to calculate the K(h) function.
Soil moisture content measurements were performed 8 times within the vegetation period using an electronic Szarvas type penetrometer equipped with a soil water content device (KOCSIS & DARÓCZI, 1995) . Total profile soil water (TSW) contents to 20 and 50 cm depths were calculated, using the measured soil water content data.
Differences in soil physical properties attributed to tillage treatments were analysed by ANOVA. The F statistics was used to separate significant differences in response parameters due to tillage. Significance is indicated at P < 0.05.
Results
The highest soil bulk density (bd) values were measured in the no till, whereas the lowest ones were measured in the ploughing treatments (data not shown). Statistically significant differences between dry bulk density values were measured in the same treatments at different times. Generally, an increase in dry bulk density was observed at the end of the growing season in all treatments, except the minimum tilled treatment NT. The highest seasonal variability of dry bulk density values was found in the no till treatment, where values of 1.66 g cm −3 , registered in the topsoil in March before sowing, decreased to 1.50 g cm −3 in August. Statistical evaluation of the soil water retention data is given in Table 1 .
In the beginning of the vegetation period the saturated water content of the 5-10 cm layer was significantly larger (46-48 vol.%) in the P, L+P and L+T treatments than in the NT and D treatments (33-38 vol.%). Similar results were obtained for the 15-20 cm soil layer, except ploughing treatment, where the saturated water content values were similar (33-35 vol.%) to the ones measured in the NT and D treatments and differed statistically from those (45-47 vol.%) measured in treatments, combined with deep loosening. No valuable differences between the soil water contents corre-
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Cs. Farkas et al. sponding to water potentials, larger than pF1.5 were observed. In the end of the vegetation period, the saturated water content values varied between 45 and 52 vol.% in the NT, P and L+D treatments and between 33 and 35 vol.% in the D and L+P treatments. Also significant differences were found between the soil water contents, measured in the 15-20 cm layer of different treatments at low water potentials (Tab. 1).
The parameters of the Gardner expression, derived from the tension infiltrometer measurements are given in Table 2 a a b b b  a a b b b  a a b c c  a a a a a  a a b b b  a b b a b Fig. 3. Total soil water (mm) measured in different treatments to a depth of 50 cm in Gödöllő at different times in 1997 (see Fig. 2 for description).
end of the vegetation period differed up to 4 times. This is likely caused by the spatial and temporal variation of soil properties.
Soil hydraulic conductivity functions, estimated for the different treatments at different measurement times by Gardner's relationship showed considerable variations for soil water suctions, greater than pF = 0.8 (Fig. 1) . Thus, the near-saturated hydraulic conductivity values measured in March at pF = 1.1 were nearly two times higher in all the treatments than those, measured in August. The only exception was the no till treatment, where a slight increase in conductivity values was observed by August. In accordance with our results, Suwardji & Eberbach (1998) reported about decrease in unsaturated hydraulic conductivity values as the growing season progressed, regardless of tillage treatment. They assumed, that this was likely due to the blocking of water conducting pores by roots.
Significant differences between the total soil water (TSW) contents calculated for the upper 20 cm layers of different treatments were found (Fig. 2) . The trend reflected strong time-dependency of the TSW contentat the beginning of the vegetation period, the NT and D plots had more TSW in 0-20 cm depth interval than the other plots, while the L+P, D and L+D plots had significantly higher TSW contents from the middle of the summer.
General trends of total soil water in the 0-50 cm profile (Fig. 3) were remarkably similar to those of 0-20 cm depth, implying that the soil water regime was affected to a 50-cm depth (the greatest depth monitored) by the tillage systems studied. Differences due to treatments were significant for a greater number of measurements than in the upper 20 cm layer and varied up to 32 mm.
Discussion
In the beginning of the vegetation period soil tillage had a major effect on soil bulk density and soil water retention curves in the low section range. However, it did not influence significantly the water retention characteristics of the 40-45 cm layer. Regarding the durability of the direct effect of tillage on soil properties, no significant differences between the pF-curves were found in June except ploughing. The statistically significant decrease of bulk density values in the NT treatment by the end of the vegetation period can be explained by the effect of biological activity -loosening effect of roots and earthworms activity -on soil structure. We suppose, that the loosening effect of the root system could not be stronger in NT than in other treatments, because relatively low yield was harvested from this treatment, so soil structure was influenced most probably by earthworm activity. Gyuricza et al. (1998) found five times more earthworm burrows in the undisturbed NT treatment compared to the conventional (P and D) ones.
Tension disk infiltrometer measurements appear to be a suitable in-situ method to obtain conductivity data in the range of water suction, where measurements are performed (h < 15 cm). Further studies on aggregate stability (similar to those, reported by Suwardji & Eberbach (1998) ) as well as total organic matter and root content (Halabuk, 2006) are needed to explain the observed seasonal chances in near-saturated soil hydraulic conductivity values. To achieve appropriate estimates of the soil hydraulic conductivity curves in the whole pressure head range, tension disk data should probably be combined with other (e.g. multistep outflow) ones.
According to our measurements no effect of tillage treatments on the potential amount of the plant available water (difference between the water contents corresponding to pF2.3 and pF4.2) was found. Nevertheless, valuable, up to 18 vol.% differences in soil water contents were measured in different treatments. We suppose that the different soil conditions at the beginning of the vegetation period created different conditions for the water movement, root development and biological activity in the soil. Thus, the form and continuity of S348 Cs. Farkas et al. pores and the effect of the compacted layer (where existed) on root development and root distribution as well as earthworm activity were different between the experimental plots depending on tillage applied. These differences were reflected by the soil properties close to the end of the vegetation period.
According to the soil hydraulic properties and measured soil water regime, ploughing and deep loosening created the most favourable soil conditions for the plants. The biological activity, however, was the highest in the no till treatment. We concluded that further studies on the application of the soil conserving tillage systems under Hungarian conditions have to be performed.
